Twelve strains of iron-oxidizing acidithiobacilli isolated from acidic sites throughout the world, including some previously shown by multi-locus sequence analyses and DNA-DNA hybridization to comprise a distinct species, were characterized in terms of their physiologies. The bacteria were shown to be obligately chemolithotrophic, acidophilic and mesophilic, and grew in both oxic and anoxic environments, using ferrous iron, reduced sulfur or hydrogen as electron donors and oxygen or ferric iron as electron acceptors. Some of the strains grew at lower pH than those reported for the two recognized iron-oxidizing Acidithiobacillus species, Acidithiobacillus ferrooxidans and Acidithiobacillus ferrivorans. Tolerance of transition metals and aluminium, and also specific rates of iron oxidation and reduction, were more similar to those of A. ferrooxidans (to which the strains are more closely related) than to A. ferrivorans. The name Acidithiobacillus ferridurans sp. nov. is proposed to accommodate the 12 strains, with the type strain being JCM 18981 T (5ATCC 33020 T ).
The genus Acidithiobacillus includes, at the time of writing, two recognized species that can obtain energy from the oxidation of ferrous iron, Acidithiobacillus ferrooxidans and Acidithiobacillus ferrivorans. Prior to the designation of A. ferrivorans as a distinct species (Hallberg et al., 2010) , rodshaped acidophilic, obligately autotrophic bacteria that catalysed the dissimilatory oxidation of both iron and sulfur were generally classified as strains of A. ferrooxidans, although a number of researchers had highlighted the probability, based on phylogenetic and other analyses, that these bacterial strains represent several distinct species (e.g. Harrison, 1982; Selenska-Pobell et al., 1998 , Karavaiko et al., 2003 Peng et al., 2006; Amouric et al., 2011) . A multi-locus sequence analysis of 21 strains of ironoxidizing acidithiobacilli carried out by Amouric et al. (2011) grouped the bacteria into four distinct clusters: Group I included the type strain of A. ferrooxidans (ATCC 23270 T ), Group III included only strains of A. ferrivorans, while bacteria included in Groups II and IV appeared to be strains of two separate and distinct species. One of the 'Group II' acidithiobacilli was strain ATCC 33020 T (also referred to as strain 11Fe), which was isolated from water draining from a uranium mine in Japan (Tomizuka et al., 1976) . Amouric et al. (2011) noted that DNA-DNA hybridization between A. ferrooxidans ATCC 23270 T and strain ATCC 33020 T was 63 %, while Harrison (1982) had previously reported a figure of 60 % for strains ATCC 33020 T and ATCC 19859 (another 'Group I' iron-oxidizing Acidithiobacillus) . Both figures are ,70 %, the value used to delineate species (Wayne et al., 1987) . Further evidence of separate phylogenetic identities was published by Selenska-Pobell et al. (1998) , who found that that ARDREA analysis of the intergenic spacer region between the 16S and 23S rRNA genes of strain ATCC 33020 T produced different digestion profiles from other strains, including A. ferrooxidans ATCC 23270
T . Here we provide confirmatory evidence that strain ATCC 33020 T and related strains comprise a distinct species of the genus Acidithiobacillus. Physiological characteristics of the proposed type strain of the species (ATCC 33020 T ) are described.
The bacterial strains used in this study are listed in Table 1 . Acidithiobacillus sp. ATCC 33020 T and strain CC1 were kindly provided by Dr Violaine Bonnefoy (CNRS, Marseille, France). All other strains listed were sourced from the acidophile culture collection maintained at Bangor University (UK). The latter were designated as belonging to Groups I and II (classification system of Amouric et al., 2011) from sequence analysis of their 16S rRNA genes. Bacteria were grown routinely in pH 1.8 liquid medium containing 20 mM ferrous sulfate as energy source . Sterile pyrite was added to oxidized cultures, which were then stored at room temperature (for several weeks) or at 4 u C (for up to at least 1 year) with no loss of culture viability. Strains were also grown on solid overlay media containing either only ferrous iron or both ferrous iron and tetrathionate as energy sources . For long-term storage, bacterial cell suspensions were frozen at 280 u C in 7 % (v/v) DMSO . ATCC 33020 T and other Group II iron-oxidizing acidithiobacilli grew as single or paired rods, approximately 1-2 mm long and 0.3 mm wide, and endospores were not observed. Several Group II strains, but not ATCC 33020 T , were observed to be highly motile, while in contrast none of the Group I strains was motile, with the exception of the three strains that clustered in Group Ia (T22, CF3 and MCF59).
A. ferrooxidans (ATCC 23270
T ) has occasionally been described as being motile, although this was refuted by Hallberg et al. (2010) , and genes coding for flagella were not found in the genome of this acidophile (Valdés et al., 2008) .
DNA from strains listed in Table 1 was extracted from ferrous iron-grown cultures, to serve as templates for the amplification of 16S rRNA genes as described by Okibe et al. (2003) , and rusA and rusB genes, using primers and conditions described by Hallberg et al. (2010) , nifH genes (as described by Ueda et al., 1995) , and cbbL and cbbM genes [as described by Johnson et al. (2009) (Bonnefoy & Holmes, 2012) , was successfully amplified from ATCC 33020 T cell extracts, although the rus B gene was not. The same pattern was found in all other Group II ironoxidizing acidithiobacilli listed in Table 1 . Presence of rus A and absence of rus B is also characteristic of Group I bacteria (Amouric et al., 2011) , while most strains of A. ferrivorans (Group III) possess both rus A (Liljeqvist et al., 2011; S. Hedrich et al., unpublished data) and rus B (Amouric et al., 2011) genes. Group IV strains also have rus B genes, but the situation regarding rus A is currently unclear. Genes coding for forms I (cbbL) and II (cbbM) of the CO 2 -fixing enzyme RuBisCO, and also the nifH gene coding for the Fe protein component of the nitrogenase, were amplified from all Group II strains included in this study. A. ferrooxidans and A. ferrivorans also fix CO 2 using RuBisCO, and both species fix dinitrogen.
Sequences of 16S rRNA genes of strains listed in Table 1 , as well as other species of the genus Acidithiobacillus, were aligned by using CLUSTAL X (Larkin et al., 2007) , followed by manual editing to remove gaps and positions of ambiguous nucleotides, which resulted in a final alignment of 1229 nt. Phylogenetic trees were generated by DNA parsimony, neighbour-joining and maximum-likelihood analyses. In all cases, general tree topology and clusters Copper mine spoil drainage, Norway AF376020 (Hallberg et al., 2010) were stable, and reliability of the tree topologies was confirmed by bootstrap analysis using 1000 replicate alignments. As the topologies of trees generated by all three methods were nearly identical, only the neighbourjoining tree is presented. 16S rRNA gene sequence similarities between all of these iron-oxidizing acidithiobacilli were .98 %. However, sequencing of 16S rRNA genes from the bacteria, many of which had been isolated from geographically remote sites, grouped 12 of them in a distinct cluster which corresponded to the Group II strains (CB5, BRGM1, B20, CCI and ATCC 33020 T ) described by Amouric et al. (2011) . Three isolates, CF3, T22 and MCF59, formed a distinct subgroup ('Ia') within Group I, similar to strains A1 and A2 reported by Amouric et al. (2011) . Analyses of 16S rRNA genes also confirmed the observation of Amouric et al. (2011) that Group II ironoxidizing acidithiobacilli are more closely related to Group I (A. ferrooxidans) than either to Group III (A. ferrivorans) or to Group IV strains ( Fig. 1 ).
To determine the lowest pH for growth of bacteria listed in Table 1 , strains were grown in 20 ml liquid medium containing basal salts, trace elements, 20 mM ferrous iron and 100 mM MgSO 4 , adjusted to a pH of between 1.5 and 1.2, and filter-sterilized (0.2 mm pore-sized membranes) into sterile 50 ml flasks. Magnesium sulfate was included to minimize pH changes resulting from ferrous iron oxidation by utilizing the sulfate/bisulfate buffer (pK a 1.99); pH increases of ,0.05 pH unit were recorded as a result of iron oxidation in the presence of 100 mM MgSO 4 . Flasks were inoculated with active cultures (2 %, v/v) of ferrous irongrown bacteria, and incubated at 30 u C on a rotary shaker for up to 2 weeks, at which time concentrations of residual ferrous iron were measured. Although previously two strains of Group II iron-oxidizing acidithiobacilli (S10 and M12) had been reported to grow in ferrous iron medium at pH 1.0 (Yahya et al., 1999) , this was not confirmed in the present study, and none of the Group I or II isolates tested, with the exception of strain D2-PG, grew at pH 1.3 or below. All Group II strains were mesophiles.
Growth rates and optimum pH and temperature of strain ATCC 33020
T were determined by growing the bacterium in ferrous iron medium in a 2 litre pH-and temperaturecontrolled bioreactor (1 litre working volume; Electrolab), which was aerated (1 litre min
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) and stirred (100 r.p.m.). Temperatures were varied between 10 and 37 u C at a pH set-point of 1.8 (to determine the temperature optimum for growth), and pH was varied between 1.4 and 3.0 at a constant temperature of 29 u C (to determine the pH optimum). Ferrous iron concentrations were determined at regular intervals and growth rates were calculated from semi-logarithmic plots of ferrous iron oxidized against time. Growth at 4 and 40 u C was tested in shake flask cultures.
Strain ATCC 33020 T was able to grow in ferrous iron medium between pH 1.4 and 3.0; higher pH values were not tested, due to precipitation of iron minerals. Its optimum pH for growth was pH 2.1 (Fig. S1a available in  IJSEM Online) . This acidophile grew between 10 and 37 u C, with an optimum at 29 u C (Fig. S1b) and no growth occurred at either 4 or 40 u C, in agreement with results reported by Harrison (1982) . The pH and temperature optima of ferrous iron-grown A. ferrooxidans ATCC 23270
T have generally been reported as between pH 2.0 and 2.5, and 30 u C (Kelly & Wood, 2000) . Strain ATCC 33020
T grew most rapidly at pH 2.1 and 29 u C, where its culture doubling time was 4.3 h.
Besides growing on ferrous iron, strain ATCC 33020 T could use elemental sulfur or tetrathionate as sole electron donor to support its growth, and was also able to catalyse the oxidative dissolution of pyrite (data not shown). To assess aerobic growth of strain ATCC 33020
T with hydrogen as electron donor, cultures were inoculated into standard liquid medium (pH 2.0) and placed in a 3.5 litre sealed jar together with a H 2 /CO 2 gas generating kit (Oxoid). Bacterial growth was assessed by monitoring changes in optical densities (measured at 440 nm). Strain ATCC 33020 T grew extremely well using hydrogen as electron donor, in liquid and on solid media. Biomass became increasingly dark brown during aerobic growth on hydrogen (Fig. S2 ) and cell numbers of up to 7610 9 ml
were recorded, which were two orders of magnitude greater than those obtained using ferrous iron, and also greater than those using reduced sulfur compounds as electron donor. Other Group II strains also grew aerobically on hydrogen, but were either differently pigmented (grey coloured; strains F221 and WVa2) or non-pigmented (all other strains). A. ferrooxidans ATCC 23270 T also grew aerobically on hydrogen, although at a slower rate and with smaller cell yields (Fig. 2) , and the resulting biomass was not pigmented. Drobner et al. (1990) previously reported growth of A. ferrooxidans ATCC 23270 T on hydrogen, but noted that growth only occurred at pH .2.2. In our experiments, strain ATCC 33020 T grew on molecular hydrogen in liquid medium maintained at pH 1.3. Addition of various organic compounds did not result in increased biomass or enhanced growth of ATCC 33020 T , in common with all other iron-oxidizing acidithiobacilli, while Acidithiobacillus caldus (which oxidizes sulfur, but not iron) has been reported to grow mixotrophically in the presence of yeast extract (Hallberg & Lindström, 1994) .
Strain ATCC 33020
T was able to grow under anaerobic conditions via ferric iron respiration, using elemental sulfur, tetrathionate or hydrogen as electron donor. Cultures grown aerobically on S 0 , hydrogen or 5 mM potassium tetrathionate were inoculated into flasks containing the same liquid medium supplemented with 30 mM ferric sulfate, and incubated under anaerobic conditions (using the Oxoid AnaeroGen System). In all cases, cultures were incubated at 30 u C, and samples were withdrawn at regular intervals to determine concentrations of ferrous iron and cell numbers. Growth via ferric iron respiration has also been reported for A. ferrooxidans ATCC 23270 T (Pronk et al., 1992; Ohmura et al., 2002) . Fig. 3 shows correlations between cell numbers and ferric iron reduction in anaerobic cultures of ATCC 33020 T grown with either hydrogen or tetrathionate as electron donor. Although ferric iron reduction was also observed in cultures containing elemental sulfur (data not shown), cell numbers were not recorded, as many cells would have attached to sulfur particles.
Specific rates of ferrous iron oxidation of strain ATCC 33020 T grown on ferrous iron, sulfur, tetrathionate or hydrogen were determined as described by Hallberg et al. (2011) . Ferrous iron-grown cells of strain ATCC 33020 T showed similar specific rates of iron oxidation to A. ferrooxidans ATCC 23270 T and Group IV strain JCM 7812, but those recorded for A. ferrivorans DSM 22755 T (Hallberg et al., 2010) were significantly smaller (Table  2) . When grown aerobically on hydrogen, specific rates of ferrous iron oxidation were~50 % lower than for irongrown cells but greater than those of both bacteria grown on elemental sulfur. Tetrathionate-grown ATCC 33020 T cells also displayed much lower specific rates of ferrous iron oxidation, although in the case of A. ferrooxidans ATCC 23270
T these were similar to those of cells grown aerobically on hydrogen. Both strains ATCC 33020 T and A. ferrooxidans ATCC 23270
T grown on hydrogen under anaerobic conditions (with ferric iron as electron acceptor) displayed slower rates of ferrous iron oxidation than those grown on H 2 /O 2 even though ferrous iron was produced under anaerobic conditions (Table 2) .
Specific rates of ferric iron reduction for cells grown aerobically and anaerobically on hydrogen were determined using a modified method in which the air stream was replaced with oxygen-free nitrogen, and hydrogen (as electron donor) was also bubbled through the cell suspensions. These rates were significantly smaller than those of ferrous iron oxidation for both ATCC 33020 T and A. ferrooxidans ATCC 23270 T (Table 3) . Interestingly, specific rates of iron reduction were very similar for ATCC 33020 T cultures that had been grown under either aerobic or anaerobic conditions, whereas they were very different for A. ferrooxidans ATCC 23270
The ability of strain ATCC 33020 T to tolerate elevated concentrations of iron (both ferrous and ferric), aluminium, copper, nickel and zinc (all as cations) and molybdenum (as the molybdate oxy-anion) was determined. Cultures grown in 20 mM ferrous sulfate liquid medium (pH 2.0) were inoculated into the same medium also containing varying concentrations of the different test metals, and incubated at 30 u C. As with other iron-oxidizing acidithiobacilli, ATCC 33020 T was shown to tolerate elevated concentrations of many metals found in acidic mine waters (Table 4) . While similar levels of metal tolerance were found in all three taxa tested, ATCC 33020 T and A. ferrooxidans ATCC 23270
T were notably more tolerant than A. ferrivorans DSM 22755
T to copper and zinc. In the case of zinc, the upper limit recorded (800 mM) for A. ferrooxidans ATCC 23270 T was probably due to osmotic stress rather than to metal toxicity, as a similar result was obtained with magnesium sulfate.
The mean base composition of the chromosomal DNA of strain 33020 T , as determined by melting point analysis (Okibe et al., 2003) , was 58±0.02 mol% G+C, which is similar to the figure of 57 mol% reported for this strain by Harrison (1982) . The corresponding value for A. ferrooxidans ATCC 23270
T determined in the present study was 59.2 mol%, which compares with the value of 58-59 mol% cited by Kelly & Wood (2000) , and 58.8 mol% from its sequenced genome (NC_011761).
Biomass of strain ATCC 33020
T grown aerobically on hydrogen was harvested, freeze-dried and sent to the Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany) for analysis of fatty acids (Table 5) , polar lipids and respiratory quinones. The major fatty acids identified were C 16 : 0 , C 18 : 1 v7c and C 19 : 0 -cyclo v8c and the major quinone was ubiquinone Q-8. The major polar lipids of strain ATCC 33020 T were phosphatidylglycerol, phosphatidylethanolamine and three unknown aminolipids (AL1, AL2 and AL3). No corresponding phenotypic data are available for A. ferrivorans.
In summary, although the species represented by the 12 strains has a number of physiological traits in common with A. ferrooxidans and, to a lesser extent, with A. ferrivorans, phylogenetically these constitute three distinct species. Characteristics that distinguish the novel species and A. ferrooxidans include the greater tolerance of some strains of the former to extreme acidity, and greater propensity of growth on hydrogen as sole electron donor. The 12 strains are therefore considered to represent a novel species of the genus Acidithiobacillus, for which the name Acidithiobacillus ferridurans sp. nov. is proposed.
Description of Acidithiobacillus ferridurans sp. nov.
Acidithiobacillus ferridurans (fer.ri.du9rans. L. n. ferrum iron; L. part. adj. durans hardening, resisting; N. L. part. adj. ferridurans iron resistant, referring to its tolerance to iron).
Gram-negative, straight rods (1-2 mm long) that do not form endospores. Motility is strain-dependent. Forms small, iron-stained colonies on acidic iron overlay medium and larger, dark-brown colonies on solid media grown in a hydrogen/oxygen atmosphere. Obligate chemolithoautotrophs capable of growth with ferrous iron, elemental sulfur, tetrathionate or hydrogen as electron donors. Facultative anaerobes, capable of coupling the oxidation of ferrous iron, reduced sulfur and hydrogen to the reduction of oxygen or the oxidation of hydrogen or reduced sulfur to the reduction of ferric iron. Mesophilic and extremely acidophilic; some strains grow at pH ,1.3.
The type strain, JCM 18981 T (5ATCC 33020 T ), was isolated from drainage water at a uranium mine in Japan. pH and temperature optima for the type strain are pH 2.1 and 29 u C. The G+C content of the chromosomal DNA of the type strain is 58±2 mol%. Other strains of the species were isolated from acidic iron-rich waters.
